Institute for Bioscience and Biotechnology Research, University of Maryland, College park, MD 20742, USA Phytoplasmas classified in group 16SrXII infect a wide range of plants and are transmitted by polyphagous planthoppers of the family Cixiidae. Based on 16S rRNA gene sequence identity and biological properties, group 16SrXII encompasses several species, including 'Candidatus Phytoplasma australiense', 'Candidatus Phytoplasma japonicum' and 'Candidatus Phytoplasma fragariae'. Other group 16SrXII phytoplasma strains are associated with stolbur disease in wild and cultivated herbaceous and woody plants and with bois noir disease in grapevines (Vitis vinifera L.). Such latter strains have been informally proposed to represent a separate species, 'Candidatus Phytoplasma solani', but a formal description of this taxon has not previously been published. In the present work, stolbur disease strain STOL11 (STOL) was distinguished from reference strains of previously described species of the 'Candidatus Phytoplasma' genus based on 16S rRNA gene sequence similarity and a unique signature sequence in the 16S rRNA gene. Other stolbur-and bois noir-associated ('Ca. Phytoplasma solani') strains shared .99 % 16S rRNA gene sequence similarity with strain STOL11 and contained the signature sequence. 'Ca. Phytoplasma solani' is the only phytoplasma known to be transmitted by Hyalesthes obsoletus. Insect vectorship and molecular characteristics are consistent with the concept that diverse 'Ca. Phytoplasma solani' strains share common properties and represent an ecologically distinct gene pool. Phylogenetic analyses of 16S rRNA, tuf, secY and rplV-rpsC gene sequences supported this view and yielded congruent trees in which 'Ca. Phytoplasma solani' strains formed, within the group 16SrXII clade, a monophyletic subclade that was most closely related to, but distinct from, that of 'Ca. Phytoplasma australiense'-related strains. Based on distinct molecular and biological properties, stolbur-and bois noir-associated strains are proposed to represent a novel species level taxon, 'Ca. Phytoplasma solani'; STOL11 is designated the reference strain.
Phytoplasmas (formerly mycoplasma-like organisms, MLOs) are pleomorphic, cell-wall-less bacteria of the class Mollicutes that exist as obligate trans-kingdom parasites inhabiting phloem sieve cells in plants and diverse cell types in insect vectors. In their descent from free-living, walled bacteria in the Bacillus/Clostridium group, evolutionary genome reduction resulted in loss or disruption of genes encoding various metabolic pathways (Davis et al., 2003; Oshima et al., 2004; Weisburg et al., 1989) , and as a consequence, researchers have been unable to obtain phytoplasmas in axenic culture. Phenotypic characters used in descriptions of species in the class Mollicutes have therefore been inaccessible for phytoplasmas. A phytoplasma group classification system has been established on the basis of RFLP analysis of 16S rRNA gene sequences and a provisional species taxonomy of the 'Candidatus Phytoplasma' genus based on 16S rRNA gene phylogeny Table 1 . 'Candidatus Phytoplasma solani'-related strains used for sequence alignments and phylogenetic analyses Nucleotide sequences produced in the present work are related to strain names and accession numbers in bold type. All nucleotide sequences of the tuf, secY and rplV-rpsC genes were analysed and shown in the figures. Fig. 2(a) . DRepresentative 16S rRNA gene nucleotide sequences selected for illustrating signature sequences and DSBs in Fig. S1 . d16S rRNA gene nucleotide sequences included in alignments and phylogenetic analyses, but not shown in order to improve clarity of the figures. §IPPT, Iranian potato purple top phytoplasma; TPSP, Turkish potato stolbur phytoplasma; AppST, Apple stolbur phytoplasma; AprST, Apricot stolbur phytoplasma.
Strain

F. Quaglino and others 2882
International Journal of Systematic and Evolutionary Microbiology 63 (Quaglino et al., 2009) . PCR conditions and primers were as described by Gundersen et al. (1996) , Langer & Maixner (2004) , Martini et al. (2007) and Lee et al. (2010) . PCRproducts were cloned in plasmid vector pCRII-TOPO (Invitrogen) and propagated in Escherichia coli. Both strands of cloned inserts were sequenced to achieve at least 46 coverage per base position. DNA sequencing was performed by a commercial sequencing service (Primm, Milan, Italy). The obtained nucleotide sequences were deposited in the GenBank database under accession numbers given in Table 1 . Nucleotide sequences of 16S rRNA, tuf, secY and rplV-rpsC genes from diverse group 16SrXII strains, and from reference strains of formally described species of the 'Ca. Phytoplasma' genus, were retrieved from the GenBank database; accessions containing two or more consecutive undetermined nucleotides were excluded from analyses (Tables 1 and 2) .
Amino acid sequences of Elongation Factor Tu, ribosomal proteins L22 and S3, and protein translocase subunit SecY, deduced from nucleotide sequences of tuf, rplV-rpsC and secY, respectively, using the ExPasy (http://www.expasy. org/) software (Gasteiger et al., 2003) , were aligned by the software BioEdit version 7.0.5 (http://www.mbio.ncsu.edu/ bioedit/bioedit.html).
Data on plant hosts, insect vectors and geographical distribution of strains of 'Ca. Phytoplasma solani' and of previously described species of phytoplasma ('Ca. Phytoplasma australiense', 'Ca. Phytoplasma fragariae' and 'Ca. Phytoplasma japonicum') classified in group 16SrXII were collected and compiled (Tables 1-3) . The biological features of the phytoplasmas were compared in (Table 5) . Thus, 16S rRNA gene intra-species sequence similarity was significantly and consistently greater than inter-species similarity.
Multiple 16S rRNA gene sequence alignments identified STOL11-unique signature sequences in nucleotide sequence AF248959 (Fig. 1) . The sequence (59-ATTTTT-AAAAGACCTAGCAATAGGTATGCTTAG-39) at nucleotide positions 189-221 differed by at least one base from comparable regions in 16S rRNA genes of all previously described species, and differed at three base positions from the comparable region in the 16S rRNA gene of 'Ca. Phytoplasma australiense' AUSGY.
In addition, the combination of two other sequence regions in the 16S rRNA gene distinguished strain STOL11 from all previously named species; we designated these sequence regions as distinguishing sequence blocks (DSBs). DSB1, the nucleotide sequence at base positions 452-480 (59-ATGGTGGAAAAACCATTATGACGGTACCT-39), is shared by strain STOL11 and reference strains of 'Ca. Phytoplasma australiense', 'Ca. Phytoplasma fragariae' and 'Candidatus Phytoplasma americanum' (Davis et al., 1997; Lee et al., 2006; Valiunas et al., 2006) , but DSB1 distinguished STOL11 from all other named species. DSB2, the nucleotide sequence at base positions 602-627 (59-GCAACGCTCAACGTTGT-GATGCTATA-39), is shared by strain STOL11 and the reference strains of 'Candidatus Phytoplasma caricae' and 'Candidatus Phytoplasma graminis' , but DSB2 distinguishes STOL11 from other species. Based on combined consideration of signature and DSB sequences, strain STOL11 is distinguished from reference strains of previously reported phytoplasma species by at least four single nucleotide polymorphisms (SNPs) across the three nucleotide sequence regions noted here (Fig. 1) .
In previous work, 16S rRNA gene signature sequences have been employed as molecular markers for separating Phylogenetic analyses of 16S rRNA genes yielded a tree in which STOL11, and diverse bois noir and stolbur phytoplasma strains, formed a distinct clade that apparently shared a common ancestor with 'Ca. Phytoplasma australiense' (Fig. 2a) . Interestingly, 'Ca. Phytoplasma graminis' and 'Ca. Phytoplasma caricae' clustered on long branches within the 'Ca. Phytoplasma solani' clade, possibly indicating environment-influenced, divergent evolution of these three species from a common ancestor. Moreover, 'Candidatus Phytoplasma convolvuli' (Martini et al., 2012) clustered closely to the 'Ca. Phytoplasma solani' clade. As 'Ca. Phytoplasma convolvuli' is specifically associated with Convolvulus arvensis in nature (Martini et al., 2012) and 'Ca. Phytoplasma solani' is capable of infecting the same plant species (Marcone et al., 1997) , it would be interesting to learn whether the two species evolved from a common ancestor that was able to infect C. arvensis. ...........TCTTCGGAG..........A  G..............TCTTACGA...........A  G..............TCTTCGGAG..........A  G..............TCTTTG.A-..........A  .....A............--...............  ...............TTTTCG.A.......... Fig. 1 . Alignment of 16S rRNA gene nucleotide sequences, from reference strains of previously described species of the genus 'Ca. Phytoplasma', trimmed to regions equivalent to signature sequence and DSBs of 'Ca. Phytoplasma solani' strain STOL11. Sequence alignments were carried out using the 'ClustalW Multiple Alignment' application of BioEdit version 7.0.5 (http://www. mbio.ncsu.edu/bioedit/bioedit.html) by selecting the 'do complete alignment' option with default parameters. The alignments were searched for sequences distinguishing strain STOL11 and other stolbur (stolbur and bois noir) strains from reference strains of previously described species of the genus 'Ca. Phytoplasma'. nt, Nucleotide positions in GenBank accession AF248959. (Table 4) , 16S rRNA gene sequence similarity alone may be insufficient for delineating and describing STOL11 as a representative of a novel species. However, according to IRPCM guidelines (IRPCM Phytoplasma/Spiroplasma Working Team -Phytoplasma Taxonomy Group, 2004), phytoplasmas sharing .97.5 % 16S rRNA gene nucleotide sequence similarity can be described as separate species if they are clearly distinguished by evident molecular diversity and ecological niche. These latter criteria were previously employed for delineating 'Candidatus Phytoplasma ulmi', 'Candidatus Phytoplasma rubi', 'Candidatus Phytoplasma mali', 'Candidatus Phytoplasma prunorum' and 'Candidatus Phytoplasma pyri' (Lee et al., 2004; Malembic-Maher et al., 2011; Seemüller & Schneider, 2004) .
Unique vectorship of 'Ca. Phytoplasma solani' strains
We examined whether 'Ca. Phytoplasma solani' strains are characterized by unique ecological and/or biological properties. Focus was on comparisons with 'Ca. Phytoplasma australiense', the only described species sharing .97.5 % sequence similarity of the 16S rRNA gene, and other species classified within group 16SrXII. Our findings affirm that species of the 'Ca. Phytoplasma' genus within group 16SrXII possess distinct biological properties. In Australia and New Zealand, 'Ca. Phytoplasma australiense' strains are associated with Australian grapevine yellows disease (Padovan et al., 1995) and with other diseases characterized by witches'-broom growths, leaf yellowing and purpling, leaf rolling or curling, flower petal greening (virescence), mild or lethal decline, and/or phyllody on plants of various families (Table 2) . A member of the Cixiidae, Oliarius atkinsoni Meyers, was described as the insect vector of the 'Ca. Phytoplasma australiense' strain associated with phormium yellow leaf disease in New Zealand (Liefting et al., 1997) (Table 3) . Recently, strains of 'Ca. Phytoplasma australiense' were reported outside the Oceanic continent in association with peach yellow leaf roll-like disease in Bolivia and with Nivun Haamir dieback in Israel (Gera et al., 2005) . 'Ca. Phytoplasma japonicum' is associated with Japanese hydrangea phyllody disease in Japan (Sawayanagi et al., 1999) ; 'Ca. Phytoplasma fragariae' is the presumptive aetiological agent of strawberry yellows disease in Lithuania F. Quaglino and others (Valiunas et al., 2006) (Table 2) . Insect vectors of the latter two species of the 'Ca. Phytoplasma' genus have not yet been reported (Table 3 ). In Europe and the Mediterranean basin, strains of 'Ca. Phytoplasma solani' are associated with bois noir disease of grapevine, with stolbur disease in wild and cultivated herbaceous and woody plants, and with yellowing, reddening, decline, dwarfism, leaf malformation and degeneration diseases of other plants (Table 1) . Several insects of the families Cixiidae and Cicadellidae have been reported as vectors of strains of 'Ca. Phytoplasma solani' (Table 3) . Hyalesthes obsoletus, the most common vector, is not known to transmit any other phytoplasma, possibly indicating a long and intimate co-evolution of phytoplasma and vector, and a unique phytoplasma-vector association distinguishing 'Ca. Phytoplasma solani' from other species. This hypothesis is reinforced by the finding that strains of 'Ca. Phytoplasma solani' identified in H. obsoletus and in its preferred host plant C. arvensis, clustered together within the 'Ca. Phytoplasma solani' clade in phylogenetic trees built on the basis of 16S rRNA and secY gene sequences (Figs 2a and S2) . In particular, the presence of identical secY gene signature sequences in 'Ca. Phytoplasma solani' strains, identified in H. obsoletus and its host plant (Fig. 3) is consistent with an intimate symbiotic relationship between the insect vector and the 'Ca. Phytoplasma solani' strains. Recent studies indicate that an insect's capability to transmit a phytoplasma is determined by specific binding of insect cytoskeleton microfilaments (Suzuki et al., 2006) to phytoplasmal antigenic membrane proteins, transported by the Sec system , which includes the protein SecY. Thus, the available data clearly indicate that a distinct ecological niche is occupied by 'Ca. Phytoplasma solani'.
Strains of 'Ca. Phytoplasma solani' distinguished by analysis of sequence variable genes
Since additional genes were proposed as criteria for future delineation of species (Davis et al., 2013) , further work was carried out that distinguished 'Ca. Phytoplasma solani' from other species on the basis of sequence analyses of tuf, secY and rplV-rpsC gene loci, as well as biological properties. Nucleotide sequence alignments revealed unique SNPs in the tuf, secY and rplV-rpsC genes of STOL11 and other 'Ca. Phytoplasma solani' strains. Within the tuf gene sequence, 29 SNPs are unique in STOL11 and the other strains of 'Ca. Phytoplasma solani' (Fig. S3a) .
Within the secY gene sequence, 52 SNPs distinguished the strains of 'Ca. Phytoplasma solani' from other phytoplasmas ( Fig. S3b) . Within the rplV-rpsC gene locus, 31 SNPs distinguished the strains of 'Ca. Phytoplasma solani' from other phytoplasma species (Fig. S3c) Fig. 3 . Alignment of secY nucleotide sequences, from 'Ca. Phytoplasma solani' (CaPsol) strains and from selected other species, trimmed to regions equivalent to three signature sequence regions in the secY gene of 'Ca. Phytoplasma solani' strain STOL11. Sequences were aligned using the software BioEdit version 7.0.5. Aligned nucleotide sequences were trimmed to a common, shared DNA fragment of approximately 900 nt. Accessions with a shorter sequence were not used for analysis. nt, Nucleotide positions in GenBank accession JQ797668.
'Candidatus Phytoplasma solani' solani' and 'Ca. Phytoplasma australiense' tuf, secY and rplV-rpsC intra-species sequence similarity was remarkably and consistently greater than inter-species similarity.
Alignment of multiple secY gene sequences identified three STOL11-unique signature sequences in sequence JQ797668 at positions 486-503, 780-800 and 843-863 from the start codon (Fig. 3) . Such unique (signature) sequences differed by numerous bases from comparable regions in the secY gene of 'Ca. Phytoplasma australiense' (NC_010544) and of previously described species. These STOL11-unique sequences were shared by all strains of 'Ca. Phytoplasma solani' (Fig. 3) .
Phylogenetic analyses of tuf, rplV-rpsC and secY gene sequences yielded trees in which strains of 'Ca. Phytoplasma solani' consistently formed a distinct clade (Figs 2b, c and S3 ). Clustering of strains of 'Ca. Phytoplasma solani' was confirmed by phylogenetic analyses of deduced amino acid sequences of EF-Tu, rpL22-rpS3 and SecY proteins (data not shown). In summary, the distinct molecular characteristics and unique vectorship support recognition of 'Ca. Phytoplasma solani' as a novel species in the genus 'Ca. Phytoplasma'.
Description of 'Candidatus Phytoplasma solani'
'Candidatus Phytoplasma solani' (so.la9ni. N.L. gen. n. solani of Solanum the scientific name of a genus including solanaceous plants; the epithet referring to plant hosts).
Reference strain is STOL11 R . 
Note added in proof
While this communication was in press, the paper describing 'Ca. Phytoplasma convolvuli' was published [Martini et al. (2012) . 
